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DPPC and EggPCA molecular description of the effect of incorporation of cholesterol (CHOL), 7-dehydrocholesterol (7DHC)
and ergosterol (ERGO) on the structure of DPPC or EggPC liposomes is provided. Data obtained from ATR-
IR spectroscopy, detergent solubility and zeta potential measurements show that the insertion of the various
sterols alters the packing arrangement of the tails and headgroup of the PC lipids and may lead to lipid do-
main formation. On a molecular basis, the differences in lipid packing architecture are traced to differences
between the ring and tail structure of the three sterols and these differences in structure produce different
effects in DPPC liposomes in the gel phase and EggPC liposomes in the ﬂuid phase. Speciﬁcally, CHOL has a
relatively ﬂat and linear structure and among the three sterols, shows the strongest molecular interactions
with DPPC and EggPC lipids. An extra double bond in the fused ring of 7DHC hinders a tightly packing ar-
rangement with DPPC lipids and leads to less domain formation than CHOL whereas 7DHC clearly produces
more lipid domain formation in EggPC. ERGO produces similar structural changes to 7DHC in the tail and
headgroup region of DPPC. Nevertheless, ERGO incorporation into DPPC liposomes produces more domain
formation than 7DHC.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
There have been several studies aimed at understanding the role
of sterols such as cholesterol (CHOL), 7-dehydrocholesterol (7DHC)
and ergosterol (ERGO) in altering membrane structure and function
[1–11]. ERGO is the major component of cellular membranes in
lower eukaryotes such as fungi and insects [7] while higher eukary-
otes contain CHOL as their major sterol component. Interest in under-
standing of the role of 7DHC in membrane function can be traced to
its connection with the Smith–Lemli–Opitz syndrome (SLOS).
The SLOS is a recessive disease resulting from the mutations in the
gene responsible for the synthesis of the enzyme 3β-hydroxy-sterol-
Δ7-reductase, which is responsible for converting 7DHC to CHOL
[11,12]. This genetic defect in SLOS leads to a decrease in CHOL and
an increase in 7DHC content in membranes [10], and this imbalance
is believed to contribute to SLOS pathogenicity. For example, Tulenko
et al. [11] showed that an increased level of 7DHC resulted in a 20%
increase in the membrane ﬂuidity of skin ﬁbroblasts isolated from
normal and SLOS subjects. This change in membrane ﬂuidity pro-
duced a three-fold increase in calcium permeability and was accom-
panied by a marked decrease in the Na/K ATPase activity.
The molecular basis underlying the effects of the three sterols on
changing membrane structure is less understood. As shown in+1 207 581 2255.
rights reserved.Fig. 1, CHOL and 7DHC differ by a single extra double bond between
the 7th and 8th carbon atom in 7DHC while ERGO differs from
7DHC by an additional double bond and methyl group in the alkyl
chain region of ERGO. There have been few studies which attempt
to connect these subtle differences in chemical structure to the dra-
matic changes in the biological function of the membrane.
Serﬁs et al. [5] measured the pressure–area isotherms of CHOL and
7DHC impregnated in L-α-phosphatidylcholine (EggPC) monolayer
ﬁlms and found that the onset of a pressure rise for 7DHC occurred
at a lower molecular area than CHOL. This showed that an EggPC–
7DHC monolayer possesses a slightly larger molecular area than an
EggPC–CHOLmonolayer. In later work by this group [13] using a com-
bination of ﬂuorescence microscopy with pressure–area isotherms,
they found that incorporation of 7DHC into a DPPC ﬁlm resulted in
less domain formation compared to 1,2-dipalmitoyl-sn-glycero-3-
phoscholine (DPPC) ﬁlms produced containing CHOL. It was conclud-
ed that the additional double bond in the 7DHC leads to “puckering”
of the 7DHC which, in turn, leads to a less tightly packed DPPC mono-
layer than obtained with CHOL. Xu et al. [2,9] examined the effect of
the structure of the sterol such as CHOL, 7DHC and ERGO on the do-
main formation in liposomes using ﬂuorescence quenching and de-
tergent solubility. They found that 7DHC and ERGO promote the
formation of lipid domains more than CHOL in liposomes composed
of DPPC/dioleoyl PC. Smondyrev and Berkowitz [14] performed mo-
lecular dynamic simulations of the structure of dimyristoylphosphati-
dylcholine (DMPC) with CHOL, ERGO and lanosterol and found that
lanosterol showed some differences in behavior with respect to tilt
Fig. 1. Chemical structures and 3D conformations of CHOL, 7DHC and ERGO.
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larger size of the ﬁrst ring of lanosterol. While these studies show
that CHOL, 7DHC and ERGO behave differently in terms of membrane
packing, the molecular detail of the interactions of these sterols with
PC lipids and other lipids is still very incomplete.
Recently, we used ATR-FTIR spectroscopy to study the effect of
CHOL level on the ﬂuidity of the membranes in EggPC liposomes
[15]. Molecular detail of the interaction of CHOL with the membrane
was determined from the changes in IR bands due to the headgroup
and the hydrocarbon tail of EggPC with CHOL loading in combination
with measurement of release rate of IR probes across the membrane.
It was shown that the wavenumber and width of bands assigned to
the hydrocarbon tail were sensitive to the packing architecture in
the acyl chain region and that a more tightly packed membrane led
to a faster release of the IR probe from the liposome.
In this study, we also use the ATR-FTIR method to provide better
insight on the molecular interactions of CHOL, 7DHC and ERGO in a
simpliﬁed membrane system using DPPC and EggPC lipid bilayer
membranes. The data obtained from the infrared spectra was com-
bined with the information derived from detergent solubility, and
zeta potential measurements. The detergent solubility provided infor-
mation on domain formation in the membranes [2,8,16,17] and zeta
potential of DPPC and EggPC liposomes containing CHOL, 7DHC and
ERGO provided information related to conformational changes of
the lipid headgoup [18].
2. Materials and methods
2.1. Materials
EggPC (L-α-phosphatidylcholine) and DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) with a purity >99% from Avanti Polar
Lipids (Alabaster, AL) were used without further puriﬁcation. Choles-
terol (CHOL, purity >99%) and 7-dehydrocholesterol (7DHC, >98.5%)
were obtained from Sigma-Aldrich and ergosterol (ERGO, >96%) was
purchased from Alfa Aesar. Spectrophotometric grade chloroform and
methanol were purchased from Fisher Scientiﬁc.
2.2. Preparation of liposomes
DPPC and EggPC liposomes with varying amounts of CHOL, 7DHC
and ERGO were prepared using a standard method [19]. In brief, a li-
pidic ﬁlm was formed by rotary evaporation of a lipid/CHCl3 (200 mgin 6 ml) solution. The ﬁlm was then hydrated at 10 °C above the main
phase transition of the corresponding lipid mixture, 25 °C for EggPC
and 50 °C for DPPC. This procedure produced multilamellar lipid ves-
icles (MLV) which were then divided into two equal samples. One
sample was used for detergent insolubility studies, and the second
sample was used to prepare small unilamellar vesicles (SUVs). The
SUVs were prepared by applying freeze–thaw cycles (5 times) and
then followed by extrusion of the sample 20 times through a
100 nm polycarbonate membrane. The freeze–thaw cycles were car-
ried out by immersion of the vial containing the sample in liquid N2
and then a water bath.
2.3. Zeta potential
The zeta potential of the extruded liposomes diluted to a concen-
tration of about 1 g lipid/l (using 1 mM Tris buffer, pH 7.4) was mea-
sured on a Malvern Zetasizer 3000 system. Measurements were
performed at 24±1 °C in triplicate on three samples. The size for all
4 types of liposomes was in the range of 100–130 nm and had a nar-
row size distribution with polydispersity index (PI) values lower than
0.1.
2.4. Liposome solubilization
Solubilization of the liposomes after addition of detergent was
monitored by the change in the optical density (OD) of the suspen-
sion at 400 nm [9]. The presence of liposomes increases the amount
of light scattered by the suspension and hence an increase in the
OD. Addition of Triton X-100 leads to solubilization of the liposomes
resulting in a decrease in the amount of light scattering and thus a de-
crease in the OD.
A liposomal suspension containing 500 nmol of total lipids was
prepared in a standard 1 cm cuvette by dispersing 50 μl of an 8 mg/ml
MLV in 900 μl PBS solution (10 mM sodium phosphate and 150 mM
NaCl, pH 7). TheODof the suspensionwas thenmeasured on a Beckman
650 spectrophotometer. A 50 μl aliquot of a 10% (w/v) Triton X-100/PBS
was then added to the cuvette. After initial hand mixing for 1 min, the
sample was left to stand for 2 h. The OD of the suspension was then
remeasured. Longer incubation time (4 h and 20 h) showed only a
slight decrease (b10%) in OD compared to the value measured at 2 h.
The OD% was then calculated and was deﬁned as the ratio of the OD
after Triton X-100 incubation of 2 h divided by the OD value obtained
before addition of the detergent. Thus, a higher %OD value means that
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ments were carried out at a temperature of 24±1 °C and were per-
formed a minimum of three times.2.5. IR transmission of the insoluble membrane fraction
Liposomal suspensions were divided into two equal samples. One
sample served as the control and Triton X-100 was added to the sec-
ond sample following the procedure used in measuring %OD. After a
2 h incubation with Triton X-100, the sample and control sample
were centrifuged for 15 min at 10,000 RCF in a Beckman Coulter Alle-
gra™ 21R centrifuge. The supernatant was decanted and the remain-
ing solids were washed twice by resuspending in 1 ml deionized
water and collected by centrifugation. The solids were dissolved in
methanol and then deposited on silicon chips. The chips were
allowed to dry overnight in the gentle stream of nitrogen gas to re-
move residual methanol and water prior to recording an IR spectrum.
The IR transmission spectra were recorded on a ABB FTLA 2000
FTIR spectrometer equipped with a Deuterated Triglycine Sulfate
(DTGS) detector and a standard 13 mm pellet holder. Each spectrum
consists of 50 co-added scans at a resolution of 8 cm−1. A reference
spectrum was recorded through a blank silicon window.2.6. ATR-FTIR spectroscopy
ATR-FTIR spectra were recorded on a BomemMB-series FTIR spec-
trometer equipped with a liquid N2-cooled mercury cadmium tellu-
ride (MCT) detector and ﬁtted with a standard ATR liquid ﬂow cell
(Harrick Scientiﬁc, Pleasantville, NY, USA). The internal reﬂection el-
ement (IRE) was a ZnSe crystal (50×10×2 mm) beveled at 45°.
Each spectrum consisted of 100 co-added scans at a resolution of
4 cm−1. A reference spectrum was recorded with a clean ZnSe crystal
mounted in the liquid ﬂow cell.
The wavenumber position for the symmetric stretching CH2 mode
(~2850 cm−1) and the C_O stretching mode (~1730 cm−1) was de-
termined using a curve ﬁtting program and calculating a second de-
rivative, respectively, using Grams/32 version 7.0 from Galactic
Software. Speciﬁcally, the peak position of the CH2 peak was obtained
by ﬁtting the region between 3000 and 2800 cm−1 to six peaks using
a 100% Lorentzian lineshape. For the C_O band, a second derivative
curve in the range between 1775 and 1685 cm−1 was generated
which showed the presence of two bands centered around
1741 cm−1 and 1728 cm−1. These two frequencies were chosen for
curve ﬁtting the carbonyl band region. During the ﬁtting procedure,
the peak position of the high wavenumber component near
1741 cm−1 was ﬁxed to a value obtained by calculating the second
derivative while the peak position of the 1728 cm−1 band was
allowed to vary during application of the curve ﬁtting routine as
this band was much broader and therefore the peak maxima was dif-
ﬁcult to determine. The percent of Lorentzian was ﬁxed at 50% as this
leads to best ﬁts as judged by the residual signal.Fig. 2. %OD of lipid mixtures at 23 °C with Triton X-100. (A) DPPC without or with 20
and 40 mol% CHOL, 7DHC and ERGO; (B) EggPC without or with 20, 30, 40 and
50 mol% 7DHC.2.7. Preparation of lipid ﬁlm on ZnSe IRE
The procedure used for generating a lipid ﬁlm on a ZnSe IRE is de-
scribed elsewhere [20]. Speciﬁcally, a 300 μl sample of the extruded
liposomal suspension at a concentration of 8 mg/ml was pipetted
across the entire surface of ZnSe IRE. The IRE was then placed into a
humidity chamber ﬁlled with dry nitrogen gas. A thin lipid ﬁlm on
the IRE was obtained after slow evaporation of the water overnight.
The ZnSe crystal containing the dried lipid ﬁlm was mounted in a
Harrick ATR ﬂow cell and the lipid ﬁlm was rehydrated by adding
400 μl of a 5 mM NaHCO3 (pH 7.8) solution to the liquid ﬂow cell fol-
lowed by incubation for 15–20 min.2.8. Modeling of 3D structures of CHOL, 7DHC and ERGO
PCMODEL 8.0 (Serena Software, Bloomington, IN) was used to
model the 3D chemical structures of the three sterols. The structures
of CHOL, 7DHC and ERGO showed in Fig. 1 were calculated using
MMX3.
3. Results
3.1. Detergent insolubility
Fig. 2A and B shows the %OD (and by inference, detergent solubi-
lization by Triton X-100) of DPPC and EggPC lipids with various
mole% of CHOL, 7DHC and ERGO, respectively. As shown in Fig. 2A,
the presence of all three sterols increases the insolubility of DPPC li-
posomes to Triton X-100 and the insolubility for CHOL and ERGO is
higher than that for 7DHC at 20 mol% loading. At 40 mol% the pres-
ence of CHOL shows the highest level of insolubility to Triton X-100.
The %OD values obtained for CHOL, 7DHC and ERGO in EggPC lipo-
somes (Fig. 2B) are clearly different from that observed in the DPPC
liposomes (Fig. 2A). In particular, the EggPC liposomes containing
ERGO are fully solubilized in Triton X-100 at loadings up to 20 mol%
and at all loadings up to 50 mol% CHOL, whereas 7DHC shows an
Fig. 3. IR spectra of the detergent insoluble fractions of EggPC/7DHC 50 mol% and
EggPC/ERGO 30 mol% liposomes.
1676 C. Chen, C.P. Tripp / Biochimica et Biophysica Acta 1818 (2012) 1673–1681increase in insolubility with increasing sterol content. Data for ERGO
loaded EggPC above 25 mol% is not presented because this is above
the solubility limit for ERGO in EggPC liposomes [7,21,22]. As a result,Fig. 4. Zeta potential of unilamellar liposomes. (A) DPPC liposomes without or with 20
and 40 mol% CHOL, 7DHC and ERGO; (B) EggPC liposomes without or with 20, 30, 40
and 50 mol% CHOL, 7DHC and ERGO.Fig. 2B shows values only for 7DHC as the other two sterols have
values of 0 for %OD. The solubility limit for ERGO in EggPC was con-
ﬁrmed by recording IR spectra of the insoluble fraction of the
EggPC/7DHC at 50 mol% and EggPC/ERGO at 30 mol% (see Fig. 3). An
intense carbonyl band due to the EggPC lipids in the spectra of
50 mol% EggPC/7DHC shows that the detergent insoluble fraction
contains both PC lipids and sterol, whereas this carbonyl band is not
present in the spectra with 30 mol% ERGO indicating there are no
PC lipids in this fraction. This result shows that the detergent insolu-
bility for ERGO in EggPC liposome depicted in Fig. 2B is due to insol-
uble ERGO in the aqueous solution and not due to lipid domain
formation.
3.2. Zeta potential
Fig. 4A shows that pure DPPC liposome has a slight positive zeta
potential and incorporation of sterols in DPPC liposomes results in a
decrease in the zeta potential with sterol loading. It is also found
that 7DHC and ERGO produce a more negative value in zeta potential
than CHOL at a given mole %.
The zeta potential of EggPC with or without sterols is shown in
Fig. 4B and is clearly different from the results obtained for DPPC lipo-
somes shown in Fig. 4A. First, while pure DPPC liposomes exhibit a
positive zeta potential, pure EggPC liposomes show a negative zeta
potential. Secondly, while the zeta potential decreases in value with
increased mole% of 7DHC and ERGO, the corresponding zeta potential
with CHOL shows little change and even a slight initial increase at
20–30 mol% of CHOL.
3.3. ATR-FTIR
Fig. 5 shows the IR spectra of EggPC, CHOL, 7DHC and ERGO. The
wavenumber position of the CH2 symmetric stretching mode at
2850 cm−1 depends on the chain conformational disorder of the hy-
drocarbon tail of PC molecules and the carbonyl group band at
1730 cm−1 is sensitive to the degree of hydration [20,23–25]. Thus
a change in the wavenumber of these bands after addition of CHOL,
7DHC and ERGO provides structural details of the lipid bilayer
membrane.
As shown in Fig. 5, the spectra of CHOL, 7DHC and ERGO contain
bands that overlap with the CH2 stretching bands (3000–2800 cm−1)
of the EggPC. An apparent shift in wavenumber in the CH2 stretching
modes of the DPPC or EggPC due to the presence of these bands was
considered. The shift in wavenumber resulting from the bands due to
sterols was estimated by subtracting the spectra of pure sterol (ac-
counting for the ﬁnal wt.% sterol in the liposome) from the spectra of
PC–sterolmixtures. It was found that the shift inwavenumber provided
by the sterol could be neglected. The largest shift in this subtractionFig. 5. IR spectra of EggPC, CHOL, 7DHC and ERGO.
Fig. 6.Wavenumber of CH2 symmetric stretchingmode as a function of increasing mole
fraction of CHOL, 7DHC and ERGO in DPPC and EggPC hydrated membranes.
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this is less than the 1–2 cm−1 shift (see Fig. 6) obtained for the CH2
symmetric stretching mode (2850 cm−1).
Fig. 6 is a plot of the wavenumber position of the CH2 symmetric
stretching mode as a function of CHOL, 7DHC and ERGO mole% in
DPPC and EggPC membrane ﬁlms. In both DPPC and EggPC lipid bila-
yers, the presence of each sterol results in a shift to lower wavenum-
ber and this shift increases with higher sterol loading. It is also found
that the shift in wavenumber is greater with CHOL than 7DHC in both
DPPC and EggPC. Insertion of ERGO shows negligible change in the
CH2 band position in DPPC while a larger shift is obtained with
ERGO than 7DHC in EggPC liposomes.
The C_O stretching mode is a superposition of two bands with
maxima centered near 1741 cm−1 and 1727 cm−1. It is known that
in hydrated lipid bilayer, the high and lowwavenumber C_O stretch-
ing modes are attributable to subpopulations of free and hydrogen
bonded carbonyl groups (to water or the OH group of the sterol)
[20], respectively. Therefore, a higher value in the relative integrated
intensity (i.e., ratio of the low wavenumber/high wavenumber C_O
band) is reﬂective of a higher level of hydration in the region close
to the ester carbonyl groups of the lipid. In addition, the peak posi-
tions and FWHH of the two C_O bands are sensitive to both degree
of hydration and conformational change of the lipid bilayer struc-
ture [20,23]. The low wavenumber C_O band shifts upward with
an increased FWHH and the high wavenumber C_O band shifts up-
ward with a decrease in FWHH for a transition from the gel state to
a liquid state for DPPC lipid membrane [20].
Parameters such as peak position, FWHH and relative integrated
intensity of the two C_O bands for each type of liposomes are listed
in Tables 1 and 2. As shown in Table 1,with increased sterol loading in a
DPPC lipid bilayer, there was a shift upward to higher wavenumber andTable 1
Wavenumber position, FWHH and relative intensity of the C_O band for DPPC liposomes w
high wavenumber component is calculated by using the integration area of the high waven
High wavenumber component
Peak position (cm−1) FWHH (cm−1) Rel. Integ
DPPC 1739.8±0.2 21.8±0.2 0.47±0.0
CHOL0.2 1740.5±0.4 21.4±0.8 0.43±0.0
7DHC0.2 1741.5±0.1 20.0±0.5 0.35±0.0
ERGO0.2 1741.5±0.2 20.0±0.5 0.35±0.0
CHOL0.4 1742.5±0.3 18.0±1.0 0.25±0.0
7DHC0.4 1742.5±0.1 17.0±1.0 0.22±0.0
ERGO0.4 1742.0±0.2 17.0±0.5 0.25±0.0a decrease in the width and relative integrated intensity for the high
wavenumber C_O band centered near 1741 cm−1. From our perspec-
tive, the relative integrated intensity of the C_O bands is the key pa-
rameter to monitor as a change in this value indicates a change in
relative population of free and hydrogen bonded C_O groups. Examin-
ing the change in the relative integrated intensity of the C_O bands in
Table 1, it is found that in all cases, insertion of sterols in the DPPCmem-
branes leads to an increase in the fraction of hydrogen bonded C_O
groups. Furthermore, this increase in the fraction of hydrogen bonded
C_O groups is greater for 7DHC and ERGO than CHOL at 20 mol% load-
ings. However, at 40 mol% there is little difference in value for all three
sterols.
The changes in the carbonyl stretching modes of EggPC liposomes
with sterol loading are given in Table 2 and the trends are opposite
from that obtained for DPPC liposomes given in Table 1. In particular,
the presence of sterols leads to a shift to lower wavenumber and an
increase in FWHH and relative integrated intensity for the high wave-
number component (1741 cm−1).4. Discussion
4.1. Pure DPPC and EggPC
The detergent insolubility data in Fig. 2 supports the generally ac-
cepted picture that, at room temperature, DPPC liposomes are in a gel
state where the lipids are tightly packed with the hydrocarbon chain
fully extended and EggPC liposomes are in a ﬂuid state in which the
hydrocarbon tails are “kinked” and loosely packed [13,26–28]. Specif-
ically, the data in Fig. 2 shows that EggPC liposomes are fully solubi-
lized by Triton X-100 while pure DPPC liposomes are partially
solubilized. This is because DPPC is in a tightly packed gel phase and
this tighter packing arrangement hinders the penetration of the Tri-
ton X-100 surfactant into the membrane.
Zeta potential has been used to evaluate the liposome stability in
aqueous solution [29,30] and to investigate molecular changes with
the lipid bilayer structure in liposomes [18]. Makino et al. [18] related
the change in zeta potential to the conformational changes in the
headgroup region of lipid membranes. It was reported that a positive
change in zeta potential was indicative of the choline group of the
headgroup extending outward from the liposome surface whereas a
negative change in value of the zeta potential indicated that the cho-
line group folded inward towards the surface and exposing more of
the negatively charged phosphatidyl group to the outer ﬂuid phase
(see Scheme 1). Therefore, a more positive zeta potential is normally
associated with restricted lipid headgroup movement due to a tight
packing between PC lipids, while a more negative zeta potential gen-
erally indicates a less tightly packed headgroup region.
The zeta potential values given in Fig. 4 show that pure DPPC lipo-
somes have a slight positive zeta potential while pure EggPC lipo-
somes are negative in value. By analogy to the Makino et al. work,
the tightly packed architecture associated with the DPPC liposomes
in the gel state forces the choline group to extend outward from theith or without CHOL, 7DHC or ERGO. The relative integrated intensity (Rel. Integr.) for
umber band divided by the total integration area of the carbonyl band.
Low wavenumber component
r. Peak position (cm−1) FWHH (cm−1) Rel. Integr.
3 1726.0±0.7 24.0±0.5 0.53±0.03
2 1726.5±0.5 26.9±0.3 0.57±0.02
4 1727.0±0.5 28.0±1.0 0.65±0.04
3 1727.0±0.4 29.0±0.5 0.65±0.03
3 1727.8±0.4 32.0±1.0 0.75±0.03
5 1727.6±0.6 32.0±2.0 0.78±0.05
3 1728.0±0.5 32.0±1.0 0.75±0.03
Table 2
Same as Table 1 for EggPC liposomes with or without CHOL, 7DHC or ERGO.
High-wavenumber component Low-wavenumber component
Peak position (cm−1) FWHH (cm−1) Rel. Integr. Peak position (cm−1) FWHH (cm−1) Rel. Integr.
EggPC 1741.5±0.4 18.0±0.6 0.15±0.05 1726.0±0.6 32.0±1.0 0.85±0.05
CHOL0.2 1740.6±0.6 19.0±0.4 0.20±0.02 1726.0±0.5 31.0±1.0 0.79±0.02
7DHC0.2 1739.0±0.5 27.0±0.3 0.40±0.03 1723.0±0.6 29.0±1.0 0.60±0.03
ERGO0.2 1741.0±0.2 20.0±0.4 0.25±0.04 1728.0±0.5 31.0±0.5 0.75±0.04
CHOL0.4 1742.0±0.3 21.0±0.2 0.35±0.04 1726.0±0.4 30.0±0.5 0.65±0.04
7DHC0.4 1741.0±0.5 20.0±0.3 0.45±0.03 1725.0±0.6 28.0±0.6 0.55±0.03
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contrast, EggPC liposomes with a loosely packed hydrocarbon tail
mean that the headgroup movement is less restricted and the choline
groups tend to fold inward to the liposome center to prevent water
penetration to the hydrophobic core. This inward folding of the head-
group exposes the negatively charged phosphatidyl group and results
in a negative zeta potential. Thus a larger average molecular surface
area for EggPC lipids than DPPC lipids in liposomes can be expected
and this is in agreement with those reported average molecular area
for EggPC and DPPC lipid (EggPC-62 Å2 [31–33]; DPPC-46 Å2 at
20 °C [34,35]) obtained from X-ray diffraction studies of liposomes.
The IR spectra of the pure DPPC and EggPC lipid membranes sup-
port the molecular interpretation derived from the zeta potential
data. Fig. 5 shows that the wavenumber position of the CH2 symmet-
ric stretching mode is located at 2850 cm−1 and 2852 cm−1 in DPPC
and EggPC liposomes, respectively. This shows that the hydrocarbon
tails in EggPC liposomes are less tightly packed than in DPPC lipo-
somes [15,25,36].
For the C_O stretching mode, (see Tables 1 and 2) the relative in-
tegrated intensity of the low wavenumber component (~1726 cm−1)
for DPPC has a value of 53% whereas, this value is 85% for EggPC. This
suggests a higher fraction of hydrogen bonded carbonyl groups for
EggPC than DPPC. Since there is no sterol present in the pure DPPC
and EggPC liposomes, the hydrogen bonding is with water. Penetra-
tion of water into the region of the C_O groups would occur more
readily in the EggPC membrane given the nature of a more loosely
packed lipid bilayer structure compared to the more tightly packed
bilayer structure of DPPC liposomes.
4.2. Incorporation of sterols in DPPC and EggPC liposomes
In studying and interpreting the effects of sterols on membrane
structure, one must consider the formation of lipid domains. The
level of insolubility by Triton X-100 is often correlated with the
level of domain formation in PC lipids [2,9,37]. On this basis, the
data in Fig. 2A show that CHOL has a stronger ability than 7DHC in
promoting domain formation in DPPC lipids. This is in agreement
with the results reported by Bering et al. [13]. Using ﬂuorescence mi-
croscopy, Berring et al. showed that CHOL forms large isolated do-
mains in a DPPC/CHOL monolayer whereas the incorporation of
7DHC up to 30 mol% showed only a single phase. It was suggested
that the ring puckering arising from the extra double bond in the
fused ring in 7DHC gives rise to a membrane domain-disrupting ef-
fect. However, ERGO also possesses the same distorted ring structureScheme 1. An illustration of zeta potential change with the headgroup orientation of PC
lipids.as 7DHC but our data in Fig. 2 shows that ERGO does not lead to the
same level of domain disruption as 7DHC. The main difference be-
tween 7DHC and ERGO is an extra methyl group in the side chain of
ERGO, this leads to an increase in the bulk volume of the side alkyl
chain beyond the limits of the sterol body cross section (fused ring re-
gion) [4,38]. This may result in a stronger van der Waals interaction
between ERGO and the surrounding DPPC lipids in the tail region
than with 7DHC and thus rendering the ERGO contained DPPC lipid
bilayers more resistant to the attack of surfactant molecules [38].
There have been several studies showing that incorporation of
CHOL or other sterols in liposomes composed of unsaturated lipids
[e.g., EggPC], are fully solubilized in Triton X-100 [9,17,37]. The result
obtained from the detergent solubility in this study with CHOL incor-
porated in DPPC and EggPC liposomes agrees with these ﬁndings. On
the other hand, to the best of our knowledge, we are unaware of any
detergent insoluble studies with EggPC liposomes containing 7DHC.
Clearly, from this work, there is a detergent insoluble fraction formed
in 7DHC incorporated EggPC liposomes.
A difference in the lipid compositions of the EggPC/7DHC deter-
gent resistant membrane from the starting EggPC composition is
shown by the IR spectra in Fig. 7. The spectrum of EggPC/7DHC
50 mol% and the spectrum of the detergent resistant fraction are nor-
malized to the same amount of PC lipids as indicated by the equal in-
tensity of the band at 1740 cm−1 (carbonyl stretching mode). The
intensity of the C\H stretching modes (3000–2800 cm−1) is clearly
higher in the spectrum of the detergent resistant fraction than in
the spectrum obtained for the liposomes before detergent treatment.
This difference between these spectra is due to 7DHC indicating a
higher content of 7DHC in the detergent resistant fraction. In addi-
tion, the band at 3008 cm−1 is due to CH2 band associated with un-
saturated group in EggPC lipids and the intensity decrease of this
band (relative to the C_O band) in Fig. 7 is indicative of a lowerFig. 7. IR spectra of the EggPC/7DHC 50 mol% liposomes and the detergent insoluble
fraction.
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fraction.
EggPC is a mixture of unsaturated lipids (16:0–18:1, 38.2%;
18:0–18:1, 9.3%; 16:0–18:2, 21.8%; 18:0–18:2,11.2%; 18:0–20:4,
3.4%; other 16%) [39]. Therefore, the IR spectra in Fig. 7 show that
the detergent resistant fraction consists of the preferential partition-
ing of the 7DHC into the lipid membrane enriched with lower unsat-
urated lipids. Speciﬁcally, the partitioning of 7DHC occurs preferably
in low unsaturated lipids (e.g., PC: 16:0–18:1, 18:0–18:1) and forms
detergent resistant domain while those highly unsaturated lipids
(e.g., 16:0–18:2, 18:0–18:2, 18:0–20:4) are readily solubilized. This
result is supported by other studies in which sterols were generally
found to distribute more with saturated or low unsaturated lipids
than highly unsaturated lipids [40]. For example, cholesterol distribu-
tion into three liposomes prepared with 18:0/18:1 PC, 18:0/18:2 PC
and 18:0/20:4 PC was 1: 0.66:0.45, respectively [40].
In DPPC liposomes, the decrease in the zeta potential value is low-
est for CHOL while in EggPC there is almost no change in the zeta po-
tential with CHOL. Recall that a larger region for each lipid headgroup
to occupy would give rise to a more negative zeta potential of the li-
posomes. The insertion of sterols in PC lipid bilayers induces two dif-
ferent effects in changing the average area for PC headgroup uptake.
First, there is the spacing effect where insertion of cholesterol acts
as a “spacer” pushing lipid molecules further apart from each other
which, in turn, increases the average area for PC headgroup to occupy.
Secondly, incorporation of cholesterol results in a condensing effect
[4,41–43] on the surrounding PC lipids which reduces the average
molecular area for PC lipids. The spacing and condensing effects
would lead to opposite changes in the zeta potential for CHOL incor-
poration into DPPC and EggPC liposomes.
For DPPC in a gel phase, the PC lipids are tightly packed with an
average molecular area around 46 Å2 which is close to the molecular
area of CHOL (35 Å2 at 37 °C [5], and 39 Å2 at 22 °C [44]). The con-
densing effect of cholesterol in the tightly packed DPPC membrane
would be small and the spacing effect of cholesterol dominates over
the condensing effect leading to an overall increase of the area for
DPPC headgroups to occupy. Data from Kim et al. [45] showed that
the mean molecular area of a mixed 1:1 DPPC-CHOL monolayer (sur-
face pressure of 20 mN/m; 20 °C) is only 5 Å2 less than the pure DPPC
monolayer.
On the other hand, in ﬂuid bilayers (DPPC in liquid phase or
EggPC) the lipids are loosely packed and the condensing effect of
CHOL does play a role. As shown in Fig. 4, addition of CHOL passes
through a maximum in zeta potential at 30 mol% CHOL. This can be
explained by the relative contributions of the condensing and spacing
effects. With the initial insertion of CHOL in EggPC lipid bilayers, the
condensing effect of CHOL dominates over the spacing effect resulting
in a decrease of the area for EggPC headgroup to occupy, and thus the
zeta potential increases with increasing CHOL content. After about
30 mol% CHOL insertion, the spacing effect of CHOL becomes domi-
nant leading to an overall increase of the area for EggPC headgroup
and thus a decrease of the zeta potential of EggPC liposomes.
This is consistent with other studies [31,45] reported that the con-
densing effect is largest at small cholesterol concentration and satu-
rates at about 30%. For example, Edholm and Nagle [43] determined
the average value of area per total lipids versus the molecular fraction
of CHOL in a ﬂuid DPPC bilayer (50 °C) [46–48]. It was shown that the
average molecular area of lipids in pure DPPC bilayer in the ﬂuid
phase was estimated at 65 Å2 and there was a 30 Å2 reduction in
the area per lipids in a 1:1 DPPC/CHOL bilayer which is much larger
than the 5 Å2 reduction when the same amount of CHOL was incorpo-
rated in a DPPC monolayer in gel phase [45].
Fig. 4 also shows that incorporation of 7DHC and ERGO in both
DPPC and EggPC liposomes leads to a more negative zeta potential
than CHOL at a given sterol mole%. The trend to more negative zeta
potential follows the order ERGO=7DHC>CHOL. This trend can betraced to the chemical structure of each sterol which leads to different
levels of contribution by the spacing and condensing effects. Demel et
al. [44] measured the molecular area of these sterols in pure mono-
layers at air–water interface at a surface pressure of 12 mN/m and
temperature at 22 °C and showed that 7DHC, ERGO and CHOL have
similar molecular areas of 36.5 Å2, 38.5 Å2 and 39.0 Å2, respectively.
Serﬁs et al. [5] using the same method also showed that 7DHC mono-
layer collapsed at a molecular area of 34.5 Å2 which is similar to CHOL
(35.0 Å2) at 37 °C. Therefore a signiﬁcant difference in the spacing ef-
fect for these sterols in PC lipid bilayers is not expected.
With respect to the condensing effect, it has been suggested that a
strong interaction of sterols with PC lipids depends on the availability
of the smooth α face (the downside face showed in Fig. 1) [49]. As
shown in Fig. 1, the CHOL molecule is ﬂat and linear with all of its
rings in a chair conformation lying in the same plane. As discussed
earlier, 7DHC and ERGO have an extra double bond (C7–C8), and
thus, exhibit a slight torsion or “puckering” of the rings. This “pucker-
ing” could prevent the 7DHC and ERGO from strongly interacting with
surrounding DPPC or EggPC lipids in liposomes, and thus lead to a re-
duced condensing effect and a more negative zeta potential for 7DHC
and ERGO incorporated liposomes. This is consistent with studies
from Serﬁs et al. [5] in which EggPC-7DHC monolayers had a higher
mean molecular area than obtained for EggPC-CHOL at same mole%
of sterol and surface pressure. For example, at a surface pressure of
20 mN/m, Serﬁs and coworkers found that the mean molecular area
for EggPC monolayers mixed with 10%, 20% and 30% of 7DHC were
80.7 Å2, 70.2 Å2 and 62.4 Å2, respectively while the corresponding
values were 76.2 Å2, 66.5 Å2 and 58.5 Å2 whenmixed with CHOL. Fur-
thermore, from our work, it is clear that the difference in the structure
of the side chain of ERGO and 7DHC has little effect on the zeta poten-
tial change of DPPC and EggPC liposomes. This suggests that structur-
al change in the fused ring of the sterol is themore important factor in
altering the local environment in the headgroup region of the
liposomes.
While the zeta potential study provides information on the con-
formational order in the interfacial or headgroup region, the IR spec-
tra data of CH2 symmetric stretching bands at 2850 cm−1 provide
information on the effects of sterol structure on the hydrocarbon
chain conformational order. As shown in Fig. 6, addition of each of
the three sterols in DPPC and EggPC membranes leads to a shift to a
lower wavenumber for the CH2 symmetric stretching band centered
at 2850 cm−1. This is consistent with other FTIR studies [20,25,50]
and is reﬂective of an increase of the conformational order in the
acyl chain region. It was also found that, in both DPPC and EggPC
membranes, the decrease in the wavenumber of CH2 symmetric
stretching band is highest for CHOL than the other two sterols indi-
cating a highest packing density of the tails with this sterol. This
higher packing density of the tail leads to a smaller space between
lipid headgroups than found for the insertion of other sterols result-
ing in a less of a decrease in the zeta potential for CHOL than for
7DHC and ERGO.
The difference in interactions for the three sterols with DPPC or
EggPC lipid membrane is also reﬂected in changes of the IR band
due to the carbonyl group at 1730 cm−1. In particular, the value for
the relative integrated intensity for the low-wavenumber component
increased with incorporation of each of the three sterols in DPPC
membrane whereas this value decreased in EggPC membrane (see
Tables 1 and 2). This shows that incorporation of sterols leads to an
increase in the level of hydration of the DPPC lipid bilayer and a de-
crease in hydration level for EggPC lipid bilayer at the region close
to the carbonyl band. A similar trend for the relative integrated inten-
sity of the low wavenumber component was observed by Arsov and
Quaroni [20] for CHOL in DPPC and DMPC membranes going from
below to above the phase transition temperature.
The wavenumber shift in the CH2 band shows that incorporation
of sterols induces a more tightly packed tail region in both DPPC
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with incorporation of sterols shows a more hydrated headgroup re-
gion in DPPC ﬁlms and less hydrated headgroup region in EggPC
ﬁlms. This supports the conclusions derived from the zeta potential
measurements. In the DPPC membrane, incorporation of these sterols
increases the degree of hydration by creating a space between lipid
headgroups and exposing the C_O bond to more water, although a
stronger hydrogen bonding to the OH group of sterols could also con-
tribute to the change in relative intensity of the C_O bands. In con-
trast, EggPC in a ﬂuid phase is already loosely packed with staggered
headgroups protruding at various distances. In this case, the C_O
groups are already exposed to water and the incorporation of sterols
decreases the level of water interacting with the C_O groups. This is
due to a larger condensing effect by the sterol insertion on the neigh-
boring PC lipids than found with DPPC liposomes.
When comparing the effect of CHOL, 7DHC and ERGO insertion in
DPPC from the shift in the C_O band, it is found that the incorpora-
tion of 7DHC and ERGO produces a higher level of hydration in the
C_O region than CHOL and this is consistent with the data obtained
from zeta potential measurements. A weaker interaction for 7DHC
and ERGO with DPPC lipids leads to a more spacious headgroup re-
gion and higher level of hydration. A more spacious headgroup region
with 7DHC and ERGO insertion than CHOL gives rise to a more nega-
tive zeta potential and more hydrogen bonded carbonyl groups.
For the EggPC membrane, examination of the shift in the C_O
bands shows that 7DHC has a greater effect on reducing the degree
of hydration of the C_O groups than CHOL and ERGO at a given sterol
loading. This is in agreement with the detergent insolubility data. In-
corporation of 7DHC in EggPC produces lipid domain while no deter-
gent resistant domain was found for CHOL. The incorporation of
7DHC leads to a similar or even less packing density of the lipid tails
in EggPC liposomes than CHOL (indicated by the shift in the CH2
band at 2850 cm−1). As discussed earlier, 7DHC preferably partitions
in low unsaturated lipids in EggPC liposomes resulting in lipid do-
mains while CHOL distributes more evenly in these lipids.
It is also noted that changes in the band position and shape of the
two components of C_O bands show that conformational changes of
the PC molecules occur with sterol insertion. For example, the incor-
poration of each of the three sterols in DPPC liposomes results in a
shift to higher wavenumber along with a decrease in the band
width for high wavenumber component of the C_O band and a
shift to higher wavenumber with an increased band width for the
low wavenumber component (see Table 1). This trend was observed
for pure DPPC membranes undergoing phase transition from a gel
phase to liquid-disordered phase [20]. This suggests that the presence
of sterols leads to a more loosely packed headgroup region in the
DPPC membrane when below the phase transition temperature and
an increase of the membrane ﬂuidity while the opposite trend for
EggPC occurs (see Table 2) in that sterol insertion increases order in
the EggPC membrane along with a decrease of the membrane ﬂuidity.
This conclusion is supported by a recent ﬂuorescence anisotropy and
NMR study that showed incorporation of cholesterol and other simi-
lar sterols leads to an increase of the ﬂuidity and permeability of PC
membranes in the gel phase (i.e., DPPC) and a decrease of the ﬂuidity
and permeability of those in ﬂuid phase (i.e., POPC) [7].
5. Conclusions
Three methods (IR spectroscopy, detergent solubility and zeta po-
tential measurements) have been used to study the effects of incorpo-
ration of CHOL, 7DHC and ERGO on the membrane structures of DPPC
or EggPC liposomes. While the detergent insolubility measurements
provided the information with lipid domain formation in PC lipo-
somes containing varied amount of different sterols, zeta potential
measurements provided information with conformational change in
the headgroup of PC lipids in liposomes and the IR spectra gaveinformation with the change in the packing of tails (using the CH2
stretching band at 2850 cm−1) and the degree of hydration (using
the C_O band at 1730 cm−1) in PC lipid membrane induced by the
three sterols.
It is shown that both the ring structure and tail conformation in
the three sterols contribute to the membrane structures of liposomes
containing sterol and this effect is different in DPPC in gel phase and
EggPC in ﬂuid phase. An extra double bond in the fused ring of 7DHC
prevents 7DHC from tightly packing with DPPC lipids and leads to less
domain formation than CHOL whereas it clearly produces more lipid
domain formation in EggPC. The zeta potential measurement and IR
band of C_O at 1734 cm−1 show that such change in ERGO induces
no difference from 7DHC in the conformation order in the interfacial
and headgroup region of DPPC. The much stronger lipid domain for-
mation for ERGOwith DPPCmight due to a stronger van derWaals in-
teraction for its tail with the acyl chains of DPPC.
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